Introduction {#Sec1}
============

Wetlands are one of the most important and biologically diverse ecosystems on earth, providing numerous essential ecosystem services and representing significant economic values^[@CR1],[@CR2]^. Aquatic macrophytes are not only primary producers within wetlands, with their growth being affected by multiple environmental factors of the habitats, they are also important indicators of the health status of ecosystems^[@CR3]^. The composition and distribution of the aquatic macrophyte community can be influenced by hydrology, substrate type, watershed, land use situation, water and sediment chemistry, etc^[@CR4]--[@CR7]^. Organic matter and nutrient levels in sediments were found to have important effects on macrophyte growth^[@CR4],[@CR5]^. The turbidity (Turb~w~), transparency, electrical conductivity (EC~w~) and nutrient levels in water were also found to play a major role in macrophyte abundance^[@CR8]--[@CR10]^. Furthermore, geographic isolation had a large influence on the genetic differentiation of aquatic macrophytes^[@CR11]^. With the wide recognition of global warming in recent decades, some reports also suggest that climate warming may influence the growth and distribution of macrophytes^[@CR12]--[@CR14]^.

*Brasenia schreberi* J.F. Gmel. (Cabombaceae), also known as watershield, is a perennial floating-leaved aquatic macrophyte. It has important value in taxonomic studies^[@CR15]^ and is widely but sporadically distributed in freshwater ponds in tropical and temperate regions of East Asia, the West Indies, Australia, North and Central America, etc^[@CR16],[@CR17]^. *B*. *schreberi* is a good indicator of the environments as it favours wetlands with clean water^[@CR18]^. Due to extremely low seed germination rates, clonal reproduction by winter buds (or turions) is the main reproductive strategy in this species^[@CR19]^. *B*. *schreberi* has been extensively cultivated in China for many years, and the young leaves and buds are an important vegetable in the diet^[@CR20],[@CR21]^. However, *B*. *schreberi* has been recently listed as a critically endangered species in several countries of East Asia, as the wild populations of *B*. *schreberi* have decreased sharply due to habitat fragmentation and loss, human disturbances and vegetative propagation, etc^[@CR17],[@CR22]^. In China, conservation zones for the germplasm resources of *B*. *schreberi* have been established^[@CR18]^, but the trend of population declines still need to be reversed. Studies on *B*. *schreberi* have revealed low levels of genetic diversity and similar genetic structure for different cultivation populations in China^[@CR22],[@CR23]^, as well as low gene flow rates among populations in Korea^[@CR17],[@CR24]^, which may result in weak resistance to environmental change^[@CR22]^. Studies on cultivation areas of *B*. *schreberi* in China have also reported relatively low species diversity at the community level^[@CR25]^.

As an important aquatic vegetable, *B*. *schreberi* is characterized with its mucilage, which covers the submerged organs of the plant, including young stems, leaves and buds, and becomes less abundant as leaves age. People normally use mucilage content (MucC) to compare quality of the vegetable from different cultivation areas^[@CR26]^. The mucilage itself is a mixture of acidic polysaccharides, hot water-soluble polysaccharides, proteins, polyphenol and trace elements^[@CR27],[@CR28]^ and because of its hygienical functions, it is used for health purposes in food and medicinal industries in China^[@CR21]^. Besides, mucilage exhibits excellent lubricating behaviour and may be used in the mechanical industry in the future^[@CR21],[@CR29]^. Meanwhile, the mucilage produced by *B*. *schreberi* has its ecological meaning, it can reduce herbivory on leaves of the plant during growing season^[@CR30]^. As an important photosynthetic product, mucilage can also reflect the growth status of *B*. *schreberi* to a certain extent. Based on the low levels of genetic diversity among these populations, we suppose that the discrepancy on mucilage accumulation of *B*. *schreberi* from different cultivation areas may be related to environmental conditions. However, little attention has been paid to the relationships between the environmental factors (for example, climate, water, and sediment) and *B*. *schreberi* growth. In addition, with habitat degradation and fragmentation in wetlands, studies that comprehensively consider the effects of multiple environmental factors on the growth of *B*. *schreberi* are particularly important, as these studies can provide critical information for the conservation of the endangered species.

In this study, we hypothesized that (1) good water quality and nutrient availability in both water and sediments support the mucilage accumulation in *B*. *schreberi* and (2) air temperature in growth seasons also affects the quality. To test these hypotheses, we investigated the environmental factors and analysed the watershield quality in Suzhou (SZ), Hangzhou (HZ) and Lichuan (LC) in China. These areas are currently the three largest cultivation centres in the country, as SZ and HZ are historical centres with cultivation records of more than 1500 years, but now have less than 1 km^2^ in each site, and LC is a new centre with a cultivation history of approximately 30 years but has more than 20 km^2^ at present. Considering that the water quality, air temperature and properties of the watershield may fluctuate considerably during growing seasons, related parameters were repeatedly analysed in spring, summer and autumn, whereas sediments were relatively stable and only analysed in spring.

Results {#Sec2}
=======

Plant properties {#Sec3}
----------------

The seasonal changes in watershield quality are illustrated in Table [1](#Tab1){ref-type="table"}. Mucilage content (MucC) is the percentage of mucilage in buds, which is the key component that measuring the quality of watershield as vegetable. MucC in LC was the highest among the three sites. MucC values in SZ and LC were relatively low in spring but increased in summer and autumn, whereas HZ had the lowest MucC in summer. Mucilage thickness (MucT) is the thickness of mucilage adhering to petiole, which is negatively correlated with herbivore damage. The MucT in LC in summer and autumn increased dramatically compared to the level in spring, so it was significantly higher than that in SZ and HZ in the same season. A slight increase in MucT in SZ was also revealed in autumn, whereas the MucT in HZ decreased throughout the growing seasons. Single bud weight (SBW) is the average weight of each bud, which not only influences the total mucilage production and also indicates the growth condition of the plant. Although relatively smaller in spring, a significant increase in SBW was found in LC in summer and autumn. The SBW values of SZ and HZ were both lowest in summer. Rolled-leaf length (RLL) is used as another index of the grow condition of the plant, which is positively correlated with the leaf area when expand, and also contributes to the mucilage accumulation indirectly. There were no general trends on RLL along sites or seasons. Across the growing seasons, SZ and HZ had relatively greater variation in RLL than LC. Except for the effect of season on RLL which was not significant, the effects of season, site and their interactions on all the remaining plant properties were significant.Table 1Differences in mucilage and relative plant properties among sampling sites across growing seasons. Significance of the variance was analysed by two-way ANOVA.Plant parametersSitesMean ± SDSignificanceSpringSummerAutumnSourcedf*F*-value*P*-valueMucilage content (MucC, %)SZ43.0 ± 5.7^Bb^54.4 ± 5.0^Ab^58.8 ± 4.5^Ab^Site221.594\<0.001HZ60.2 ± 4.8^Aa^47.7 ± 9.7^Bb^59.7 ± 4.6^Ab^Season24.9560.035LC64.2 ± 9.7^Aa^70.8 ± 3.7^Aa^71.2 ± 3.3^Aa^Site × Season45.4100.017Mucilage thickness (MucT, mm)SZ1.12 ± 0.18^Bb^1.02 ± 0.25^Bb^1.50 ± 0.32^Ab^Site2158.353\<0.001HZ1.51 ± 0.27^Aa^0.93 ± 0.16^Bb^0.75 ± 0.22 ^Cc^Season211.0520.004LC1.30 ± 0.38^Cab^2.03 ± 0.36^Ba^2.38 ± 0.37^Aa^Site × Season463.849\<0.001Single bud weight (SBW, g)SZ1.83 ± 0.35^Aa^1.45 ± 0.27^Bb^1.81 ± 0.20^Ab^Site282.418\<0.001HZ2.19 ± 0.50^Aa^1.25 ± 0.23^Bb^1.73 ± 0.25^Ab^Season27.1850.014LC1.63 ± 0.35^Bb^3.61 ± 0.47^Aa^3.25 ± 0.55^Aa^Site × Season441.343 \< 0.001Rolled-leaf length (RLL, mm)SZ46.89 ± 7.32^Cb^51.75 ± 8.26^Ba^57.79 ± 5.75^Aa^Site27.6370.012HZ54.68 ± 6.84^Aa^43.85 ± 5.60^Bb^44.48 ± 5.22^Bc^Season20.0570.945LC49.97 ± 6.73^Bb^55.25 ± 5.04^Aa^50.12 ± 4.86^Bb^Site × Season416.152 \< 0.001SZ, Suzhou; HZ, Hangzhou; LC, Lichuan. Data are listed as the mean ± standard deviation (SD). For MucC and SBW, *n* = 10; for MucT and RLL, *n* = 30. Different upper-case letters indicate statistically significant differences between seasons at the level *P* \< 0.05, and different lower-case letters indicate statistically significant differences between sites at the level *P* \< 0.05.

Water parameters {#Sec4}
----------------

The water parameters exhibited dramatic differences among the three sampling sites, and large fluctuations were also revealed from spring to autumn at the same site (Table [2](#Tab2){ref-type="table"}). The water permanganate index (COD~Mn~) values of the three sites were similar in spring. Pronounced increases in COD~Mn~ were found in HZ and SZ from spring to autumn, but relatively small variations were found in LC, which had the lowest value in summer. The concentrations of total nitrogen (TN~w~) and total phosphorus (TP~w~) in the water for all sites generally dropped from spring to autumn, except for the TP~w~ of HZ, which was highest in summer. The values of water pH (pH~w~) for all sites were in the range of 7--8, with small but statistically significant differences between sites in the same season or between seasons in the same site. The water oxidation-reduction potential (ORP~w~) changed dramatically among different seasons in HZ and LC and was even below zero in HZ in summer. The ORP~w~ in SZ was relatively stable. The water dissolved oxygen (DO~w~) value in HZ was generally lower than that in SZ and LC, but extremely low values were found in both HZ in summer and LC in autumn. The Turb~w~ was generally at low levels for all three sites during the growing seasons, except the levels of LC in autumn, which were doubled compared with the data in earlier seasons. The EC~w~ value in SZ and HZ was considerably higher than that of LC. Meanwhile, the EC~w~ values in SZ and HZ changed significantly between seasons but were relatively stable in LC. Nevertheless, statistical analyses using two-way ANOVA revealed that not only season or site but also their interactions exerted significant effects on all water parameters, except their interactions on TN~w~.Table 2Differences in water parameters among sampling sites across growing seasons. Significance of the variance was analysed by two-way ANOVA.Water parametersSitesMean ± SDSignificanceSpringSummerAutumnSourcedf*F*-value*P*-valuePermanganate index (COD~Mn~, mg/L)SZ7.94 ± 0.09^Cb^9.18 ± 0.42^Bb^12.29 ± 1.28^Ab^Site2260.717\<0.001HZ8.42 ± 0.10^Ca^13.91 ± 0.95^Ba^17.61 ± 1.51^Aa^Season288.812\<0.001LC7.38 ± 1.08^Aab^4.96 ± 0.20^Bc^6.16 ± 0.61^Ac^Site × Season450.493\<0.001Total N (TN~w~, mg/L)SZ1.23 ± 0.10^Ac^0.96 ± 0.19^Bb^0.66 ± 0.11^Cb^Site231.168\<0.001HZ1.78 ± 0.07^Aa^1.52 ± 0.38^Aa^1.46 ± 0.31^Aa^Season219.397\<0.001LC1.42 ± 0.18^Ab^0.84 ± 0.21^Bb^0.62 ± 0.44^Bb^Site × Season41.4270.245Total P (TP~w~, μg/L)SZ37.8 ± 12.6^Ab^32.8 ± 10.5^Ab^12.6 ± 5.1^Bb^Site237.709\<0.001HZ47.9 ± 7.6^Ab^65.5 ± 21.1^Aa^55.8 ± 16.1^Aa^Season27.8880.001LC109.2 ± 21.2^Aa^65.5 ± 13.8^Ba^58.0 ± 23.3^Ba^Site × Season46.3110.001pH (pH~w~)SZ7.79 ± 0.06^Aa^7.46 ± 0.06^Bb^7.39 ± 0.07^Cb^Site28.975\<0.001HZ7.54 ± 0.10^Ab^7.11 ± 0.20^Bc^7.89 ± 0.58^Aa^Season26.6090.002LC7.01 ± 0.11 ^Cc^7.64 ± 0.04^Aa^7.42 ± 0.18^Bb^Site × Season442.744\<0.001Oxidation-reduction potential (ORP~w~, mV)SZ185.1 ± 32.6^Ab^203.1 ± 29.9^Ab^201.2 ± 21.9^Ab^Site286.332\<0.001HZ263.6 ± 19.4^Aa^−111.2 ± 32.0 ^Cc^228.9 ± 23.2^Ba^Season2139.080\<0.001LC170.7 ± 4.8^Bb^258.8 ± 29.0^Aa^1.3 ± 30.2 ^Cc^Site × Season4590.381\<0.001Dissolved oxygen (DO~w~, mg/L)SZ6.72 ± 0.71^Ba^11.50 ± 1.90^Aa^10.28 ± 1.46^Aa^Site2437.365\<0.001HZ4.26 ± 1.10^Ac^0.59 ± 0.48 ^Cc^3.38 ± 1.14^Bb^Season237.288\<0.001LC5.92 ± 0.27^Bb^8.09 ± 1.43^Ab^0.49 ± 0.22 ^Cc^Site × Season4134.325\<0.001Turbidity (Turb~w~, NTU)SZ2.85 ± 2.06^ABa^3.89 ± 1.65^Aa^1.41 ± 0.30^Bc^Site213.230\<0.001HZ2.61 ± 1.38^Aa^3.06 ± 0.70^Aa^2.30 ± 1.10^Ab^Season23.7320.027LC2.52 ± 0.41^Ba^3.05 ± 0.77^Ba^6.14 ± 1.92^Aa^Site × Season422.759\<0.001Electrical conductivity (EC~w~, μS/cm)SZ142.2 ± 3.9^Bb^135.0 ± 4.9^Cb^226.3 ± 17.2^Aa^Site24406.897\<0.001HZ244.2 ± 3.0^Aa^239.9 ± 12.4^Aa^82.5 ± 11.1^Bb^Season2124.046\<0.001LC33.1 ± 2.2^Bc^35.2 ± 1.9^Ac^33.1 ± 4.6^ABc^Site × Season41087.961\<0.001SZ, Suzhou; HZ, Hangzhou; LC, Lichuan. Data are listed as the mean ± standard deviation (SD). For COD~Mn~, TN~w~ and TP~w~, *n* = 5; for pH~w~, ORP~w~, DO~w~, Turb~w~ and EC~w~, *n* = 15. Different upper-case letters indicate statistically significant differences between seasons at the level *P* \< 0.05, and different lower-case letters indicate statistically significant differences between sites at the level *P* \< 0.05.

Sediment parameters {#Sec5}
-------------------

The sediment in SZ contained significantly lower nutrients compared to that in HZ and LC (Table [3](#Tab3){ref-type="table"}). The values of sediment organic carbon (SOC) and sediment nitrogen (represented as total nitrogen (TN~s~) and available nitrogen (AN~s~)) in HZ and LC were 5 times those in SZ (*P* \< 0.05). HZ also had the highest level of phosphorus (as total phosphorus (TP~s~) and available phosphorus (AP~s~)), followed by LC at approximately half the level of HZ (*P* \< 0.05). SZ had the lowest level of phosphorus, and especially the AP~s~ in SZ, which was only 1/6 the level in HZ (*P* \< 0.05). For potassium, different trends between total potassium (TK~s~) and available potassium (AK~s~) were found; HZ was still ranked highest in AK~s~, followed by LC. However, for TK~s~, the values from high to low were LC \> HZ \> SZ (*P* \< 0.05). The sediments in SZ and LC were slightly acidic with sediment pH (pH~s~) values of approximately 5, whereas those in HZ were neutral with pH~s~ values of approximately 7 (*P* \< 0.05).Table 3Differences in sediment parameters among sampling sites. Significance of the variance was analysed by one-way ANOVA.Sediment parametersSitesSuzhou (SZ)Hangzhou (HZ)Lichuan (LC)Sediment organic carbon (SOC, g/kg)8.2 ± 3.7^b^44.7 ± 11.3^a^47.6 ± 2.2^a^Total N (TN~s~, g/kg)0.72 ± 0.22^b^3.50 ± 0.97^a^3.45 ± 0.37^a^Total P (TP~s~, g/kg)0.30 ± 0.02^c^0.76 ± 0.04^a^0.47 ± 0.01^b^Total K (TK~s~, g/kg)7.51 ± 0.33^c^9.70 ± 0.21^b^10.84 ± 0.29^a^Available N (AN~s~, mg/kg)103.6 ± 31.6^b^567.3 ± 136.2^a^560.2 ± 34.9^a^Available P (AP~s~, mg/kg)2.31 ± 0.43^b^13.26 ± 4.93^a^6.30 ± 1.05^a^Available K (AK~s~, mg/kg)55.0 ± 9.1^b^178.4 ± 48.3^a^118.8 ± 9.5^a^Sediment pH (pH~s~)5.10 ± 0.56^b^7.15 ± 0.18^a^5.12 ± 0.41^b^Data are listed as the mean ± standard deviation (SD). For TK~s~, *n* = 3; for all the other parameters, *n* = 6. Different superscript letters indicate statistically significant differences between sites at the level *P* \< 0.05.

Temperature parameters {#Sec6}
----------------------

The dynamic changes in temperature between SZ and HZ during the growing seasons were similar, as they were close to each other in geographical location, whereas those in LC differed significantly (*P* \< 0.05) (Fig. [1](#Fig1){ref-type="fig"}). The mean values of daily maximum temperature (*T*~max~) and daily minimum temperature (*T*~min~) in SZ and HZ were approximately 5--9 °C higher than those of LC. In summer, the mean values of *T*~max~ were higher than 36 °C in SZ and HZ but was lower than 30 °C in LC. The Daily temperature difference (Δ*T*) in the three locations was approximately 8--10 °C in spring and summer and generally LC \> HZ \> SZ but was approximately 5--6 °C in autumn and generally HZ \> LC \> SZ.Figure 1Dynamics of daily maximum temperature (*T*~max~, **a**--**c**), daily minimum temperature (*T*~min~, **d**--**f**) and daily temperature difference (Δ*T*, **g**--**i**) in Suzhou (SZ), Hangzhou (HZ) and Lichuan (LC) across growing seasons.

Correlations between plant properties and environmental parameters {#Sec7}
------------------------------------------------------------------

The watershield MucC was significantly correlated with the COD~Mn~ and EC~w~ of water (*r* = −0.540 and −0.644, *P* = 0.021 and 0.004, respectively) and the SOC, TN~s~, TK~s~ and AN~s~ of sediments (*r* \> 0.585, *P* \< 0.05) (Table [4](#Tab4){ref-type="table"}). The MucT was significantly correlated with the COD~Mn~ and TN~w~ of water (*r* = −0.759 and −0.536, *P* \< 0.05) and the TK~s~ of sediments (*r* = 0.469, *P* = 0.049). The SBW was significantly correlated with the COD~Mn~ and pH~w~ of water (*r* = −0.598 and 0.523, *P* = 0.009 and 0.026, respectively) but not significantly correlated with sediment parameters (*P* \> 0.05). The RLL was significantly correlated with the ORP~w~ and DO~w~ of water (*r* = 0.517 and 0.608, *P* = 0.028 and 0.007, respectively) but not significantly correlated with the sediment parameters (*P* \> 0.05). Of the three temperature parameters, both *T*~max~ and *T*~min~ were negatively correlated with the MucC, MucT, SBW and RLL of watershield, but only *T*~min~ was found to have a statistically significant correlation with MucT (*r* = −0.470, *P* = 0.049). Compared with the mucilage traits of MucC and MucT, the plant growth traits SBW and RLL generally showed less connections with the sediments and air temperature. However, except for correlation between MucC and RLL which was not statistically significant, significantly positive correlations were also found among MucC, MucT, SBW and RLL of the plants (data not listed). Significant correlations were also found among parameters of the water and among parameters of the sediments (data not listed).Table 4Spearman correlation coefficients between mucilage properties and environmental factors (water, sediment and air temperature). Data in bold indicate *P* \< 0.05.Environmental factorsPlant propertiesMucCMucTSBWRLLWaterCOD~Mn~**−0.540−0.759−0.598**−0.218TN~w~−0.342**−0.536**−0.457−0.376TP~w~0.4570.0220.013−0.275pH~w~0.0230.137**0.523**0.137ORP~w~0.1700.1680.427**0.517**DO~w~−0.1730.0710.063**0.608**Turb~w~0.0750.2050.030−0.255EC~w~**−0.644**−0.271−0.3130.030SedimentSOC**0.658**0.0800.258−0.259TN~s~**0.610**0.0660.294−0.149TP~s~0.227−0.226−0.071−0.391TK~s~**0.8110.469**0.369−0.075AN~s~**0.586**0.1310.259−0.162AP~s~0.276−0.124−0.019−0.223AK~s~0.362−0.1180.068−0.294pH~s~−0.059−0.278−0.146−0.090Air temperature*T* ~max~−0.408−0.463−0.383−0.055*T* ~min~−0.406**−0.470**−0.432−0.073Δ*T*0.0220.019−0.0380.014MucC, mucilage content; MucT, mucilage thickness; SBW, single bud weight; RLL, rolled-leaf length; COD~Mn~, water permanganate index; TN~w~, water total N; TP~w~, water total P; pH~w~, water pH; ORP~w~, water oxidation-reduction potential; DO~w,~ water dissolved oxygen; Turb~w~, water turbidity; EC~w~, water electrical conductivity; SOC, sediment organic carbon; TN~s~, sediment total N; TP~s~, sediment total P; TK~s~, sediment total K; AN~s~, sediment available N; AP~s~, sediment available P; AK~s~, sediment available K; pH~s~, sediment pH; *T*~max~, daily maximum temperature; *T*~min~, daily minimum temperature; Δ*T*, daily temperature difference.

Redundancy analysis (RDA) can independently retain the contribution of each environmental variable on mucilage accumulation, and it provides another way to estimate the correlation between variables. Based on results from the Monte Carlo permutation test, only the COD~Mn~, TN~w~, EC~w~ and DO~w~ of water and the SOC and TN~s~ of sediments had significant effects on mucilage changes and were selected for the RDA (Fig. [2](#Fig2){ref-type="fig"}). The first axis, which explained 62.7% of the variation in mucilage accumulation, was primarily associated with the COD~Mn~, TN~w~ and EC~w~. The second axis, which described 13.6% of the variation in mucilage accumulation, was primarily associated with SOC, TN~s~ and DO~w~. In total, MucC, SBW and MucT increased gradually with decreasing COD~Mn~, TN~w~, EC~w~ and had a slight positive correlation with SOC and TN~s~ but did not show strong relationships with DO~w~. While RLL was positively correlated with DO~w~, it was negatively associated with the rest of the selected environmental variables except EC~w~. LC was characterized by high levels of mucilage accumulation (MucC, SBW, MucT), high SOC and TN~s~, but low COD~Mn~, TN~w~, EC~w~ and DO~w~. HZ had high SOC, TN~s~, COD~Mn~ and TN~w~ but low DO~w~ and EC~w~. SZ showed the opposite condition compared with LC. Both SZ and HZ exhibited similar MucC, SBW and MucT, and the RLL of HZ was lower than that of SZ and LC (Fig. [2](#Fig2){ref-type="fig"}).Figure 2Ordination biplot of redundancy analysis (RDA) displaying the effects of the selected environmental variables on mucilage accumulation. MucC, mucilage content; MucT, mucilage thickness; SBW, single bud weight; RLL, rolled-leaf length; COD~Mn~, water permanganate index; TN~w~, water total N; EC~w~, water electrical conductivity; DO~w~, water dissolved oxygen; SOC, sediment organic carbon; TN~s~, sediment total N; SZ, Suzhou; HZ, Hangzhou; LC, Lichuan.

The RDA results were in accordance with the Spearman correlation analysis. The cumulative percentage variance of plant properties explained by the first four axes of the RDA was 82.2%. The significance of both the first canonical axis and the sum of all canonical axes based on Monte Carlo permutation tests was 0.002, which indicated that the selected environmental variables well explained the mucilage variation, and the remained environmental variables had relatively low explanatory power.

Discussion {#Sec8}
==========

*Brasenia schreberi* is widely cultivated in small ponds and shallow lakes as an aquatic economic crop in East Asia, where young leaves and buds are used as vegetables. The wild distribution of *B*. *schreberi* communities in China is disappearing due to anthropogenic impacts and habitat fragmentation; these communities are ultimately replaced by small cultivation populations, characterized by simple species composition and low biodiversity^[@CR25]^. The growth and distribution of aquatic macrophytes integrates the chemical, biological and spatiotemporal characteristics of their surrounding environments^[@CR31]^. In our study, the measured environmental parameters (water, sediments) significantly influenced mucilage accumulation according to RDA and Spearman correlation analysis. Water quality played an important role in mucilage accumulation, followed by sediment nutrient availability. Both MucC and MucT showed negative correlations with COD~Mn~, TN~w~, and EC~w~ but positive correlations with sediment nutrient levels and SOC, which verified our first hypothesis that mucilage accumulation requires good water quality and sediments with high nutrient availability. The temperature parameters showed no significant effect on mucilage accumulation in the RDA, but *T*~max~ and *T*~min~ showed a negative correlation with MucT and SBW in the Spearman correlation analysis, indicating that there may be an optimum temperature range for the mucilage accumulation of *B*. *schreberi* instead of simply negative or positive effects. Excessively high air temperature may limit the growth of *B*. *schreberi*, thus limiting mucilage accumulation.

Among all the tested water quality parameters, COD~Mn~ was the main contributor to mucilage accumulation and showed a significantly negative relationship with MucC and MucT. The influence of COD~Mn~ is likely related to the increase in microorganisms and herbivores with an increase in organic matter in water bodies^[@CR32],[@CR33]^, as mass deaths of *B*. *schreberi* leaves appeared due to dense canopies of the plants. The mucilage that coats the surface of the buds may be consumed by adhered microorganisms, and secondarily, the possible decrease in photosynthetic products due to severe herbivory may result in a decrease in secreted mucilage^[@CR30]^. Studies showed that increased N loading in water reduced macrophyte biodiversity and changed the structure, and there was a strong effect of N dosing of water on periphyton growth associated with submerged macrophytes at moderately high TP~w~ concentrations^[@CR7],[@CR34]^. Thus, a higher concentration of TN~w~ may favour the growth of periphyton but inhibit the growth of accompanying submerged plants and indirectly affect water quality, which in turn has a negative effect on *B*. *schreberi* growth. Mucilage accumulation was negatively influenced by EC~w~, indicating that mucilage accumulation requires clean water with a low level of salts, as EC~w~ is the reflection of a variety of salts in the water, and a high salt level negatively influenced macrophytes^[@CR35],[@CR36]^. Studies have shown that land use significantly influenced water quality and, as a result, influenced the growth of macrophytes^[@CR37]--[@CR39]^. The EC~w~ of LC was significantly lower than that of SZ and HZ, possibly because the irrigation water was from mountain springs purified by the surrounding woodlands. In contrast, the irrigation water in the other two sites was from lakes or reservoirs, which may contain higher salt levels. Extremely low levels of both ORP~w~ and DO~w~ may have a specific negative impact on the growth of *B*. *schreberi* according to the study of Zaman *et al*.^[@CR40]^, which showed that a variety of metabolic products of *Elodea nuttallii* were significantly negatively affected under hypoxic and anoxic conditions. With our field experience, extremely low ORP~w~ and DO~w~ values in HZ in summer might be the result of dense canopies and mass deaths of leaves on the water surface due to severe self-shading among leaves and high temperature, which was in accordance with the results of Frodge *et al*.^[@CR41]^. Similarly, for LC in autumn, the decay of leaves in the recession period of growth and the lack of management contributed to the sharp declines in ORP~w~ and DO~w~, which were accompanied by fish deaths. Studies have shown that high Turb~w~ can limit the growth of macrophytes^[@CR9],[@CR10]^; the relationship between Turb~w~ levels and mucilage accumulation in our study was weak, possibly due to the range of Turb~w~ being too small to reflect its effect on the growth of *B*. *schreberi*.

Furthermore, mucilage accumulation showed positive relationships with SOC and sediment nutrient levels in our study. Earlier studies have documented positive relationships between macrophyte growth and sediment organic matter and nutrient availability^[@CR4],[@CR10],[@CR42],[@CR43]^. In our study, the sites with higher organic carbon and nutrient availability also had higher mucilage content in spring, which may be the result of photosynthesis improvement favoured by higher fertility of sediments. The positive correlations between SOC and all measured nutrients indicated that SOC and sediment nutrients possibly had the same sources.

Global warming changes the physical and chemical characteristics of lakes and catchments^[@CR44],[@CR45]^, and inland surface waters are immediately affected by warming because of the strong correlation between air and surface water temperatures^[@CR46]^. In other words, variations in water temperature may closely follow the air temperature^[@CR47],[@CR48]^. The daily temperature records from local weather monitoring stations offered us a good opportunity to examine the relationship between watershield quality and air temperature. Although no temperature parameters showed a statistically significant effect on mucilage accumulation according to the RDA results, negative impacts of *T*~max~ and *T*~min~ on the SBW and MucT of *B*. *schreberi* were found based on Spearman analysis, suggesting the possible inhibition of plant photosynthesis or partial solubility of mucilage (for which contains hot water-soluble polysaccharides)^[@CR28]^, with the average *T*~max~ in both SZ and HZ exceeding 36 °C in summer. In addition, during our field investigation, we found dormant buds, similar to overwintering buds, formed with high air temperature in summer in the cultivation of *B*. *schreberi*. Hence, we suggest that global climate warming may have negative effects on the growth of *B*. *schreberi* and may change its distribution. To reverse the diminishing *B*. *schreberi* populations, strategies are needed to reduce the impacts of anthropogenic activities on water and sediment qualities in cultivation areas. Moreover, long-term monitoring is essential to evaluate the potential effects that climate change could have on *B*. *schreberi* populations.

Conclusion {#Sec9}
==========

Three *B*. *schreberi* cultivation sites in China were used to illustrate the relationships between mucilage accumulation and environmental factors (water, sediment and air temperature). COD~Mn~, TN~w~, EC~w~ and SOC were found to be the main factors influencing the mucilage of *B*. *schreberi*, indicating that the mucilage accumulation and growth of *B*. *schreberi* were sensitive to environmental changes. Good water quality and nutrient-enriched sediments favour the mucilage accumulation of *B*. *schreberi*, whereas high air temperature in summer may have a specific negative effect on the growth of *B*. *schreberi*. According to our findings, *B*. *schreberi* populations may face severe degeneration with worldwide eutrophication in wetlands, with increased N loading (TN~w~) in water caused by N run-off from agricultural lands, excessive fishery, and pollutants from urbanization areas, etc. Meanwhile. Global warming may also threaten the survival of the species. For the moment, habitat conservation is indispensable for preventing the endangered *B*. *schreberi* from extinction.

Methods {#Sec10}
=======

Study sites {#Sec11}
-----------

Our Sampling sites, SZ and HZ, are located in Jiangsu Province (31°02′N, 120°24′E) and Zhejiang Province (30°11′N, 120°03′E), respectively, in east China (Fig. [3](#Fig3){ref-type="fig"}). They are both at an average elevation of 10 m, with a subtropical humid monsoon climate, a frost-free period of 230 (SZ) and 245 (HZ) days and a mean annual precipitation of 1100 (SZ) and 1500 mm (HZ). SZ has an annual mean air temperature of 15.7 °C (minimum 2.5 °C in January and maximum 28.2 °C in July) and HZ has an annual mean air temperature of 17.8 °C (minimum 4.0 °C in January and maximum 28.5 °C in July). LC is located in Hubei Province (30°07′N, 108°49′E) in central China, at an average elevation of 1154 m, with a subtropical continental monsoon climate. It has an annual mean temperature of 12.3 °C (minimum 3 °C in January and maximum 23.5 °C in July), a frost-free period of 232 days and a mean annual precipitation of 1400 mm. To facilitate farming, the watershield cultivation areas are divided into small fields of approximately 500--2000 m^2^ in size. Our sampling sites were selected in those central fields, with sizes of approximately 1000 m^2^ each.Figure 3Cultivation locations and sampling sites of *Brasenia schreberi* in China.

Field sampling and laboratory analysis {#Sec12}
--------------------------------------

*Brasenia schreberi* and water samples were collected in spring (April 24^th^--May 16^th^), summer (July 14^th^--July 26^th^), and autumn (September 10^th^--September 24^th^) during 2017. Sediment samples were taken during the same time period in spring. Air temperature data were collected to cover a whole month of each sampling season, as April 16^th^--May 16^th^ in spring, July 1^st^--July 31^st^ in summer and September 1^st^--September 30^th^ in autumn.

Four biological properties of *B*. *schreberi*, mucilage content (MucC), mucilage thickness (MucT), single bud weight (SBW) and rolled-leaf length (RLL), were analysed on site, and buds with just one rolled leaf were used. After sampling, SBW, MucT and RLL were immediately measured by a portable electronic scale (OHAUS, SE602FZH, USA) and a Vernier caliper (HENGLIANG, 0--150 mm, China). To determine MucC, the buds were soaked in 0.1 mol/L NaOH for 90 min, and then biomass before and after dissolution was weighed^[@CR27]^. MucC was calculated as MucC = (biomass~before~−biomass~after~)/biomass~before~ × 100%.

Sampling, preservation, transportation and analysis of the water and sediment samples were performed following standard methods published by the State Environmental Protection Administration of China 2002 (GB3808--2002) and 2004 (HJ/T 166--2004). Given that physical-chemical properties and nutrient constituents are the most important factors influencing water quality, eight water parameters, including electrical conductivity (EC~w~), dissolved oxygen (DO~w~), turbidity (Turb~w~), pH (pH~w~), oxidation-reduction potential (ORP~w~), permanganate index (COD~Mn~), total nitrogen (TN~w~) and total phosphorus (TP~w~) were measured. The first five parameters were analysed on site in the field, as ORP~w~ and pH~w~ using a pH/ORP metre (HANNA, HI98160, Italy), DO~w~ using a dissolved oxygen metre (LEICI, JPBJ-608, China), EC~w~ using a conductivity metre (LEICI, DDB-303A, China) and Turb~w~ using a turbidity metre (XINRUI, WGZ-200B, China). Water samples were taken back to the laboratory for analysis of COD~Mn~, TN~w~ and TP~w~. COD~Mn~ was measured through permanganate oxidation, TN~w~ was determined using the method of persulfate digestion and oxidation through a spectrophotometer (HACH, DR2800, USA) and TP~w~ was analysed through digestion and a colorimetric method (UNICO, UV-2800A, USA).

Eight sediment parameters, organic carbon (SOC), total N (TN~s~), total P (TP~s~), total potassium (TK~s~), available N (AN~s~), available P (AP~s~), available K (AK~s~) and pH (pH~s~), were analysed. Based on Bao^[@CR49]^, SOC was measured using a potassium dichromate oxidation spectrophotometric method; TN~s~ was measured with the Modified Kjeldahl method and AN~s~ with alkaline hydrolysed diffusion method; TP~s~ was analysed using a Mo-Sb anti spectrophotometric method after wet digestion with H~2~SO~4~ and HClO~4~ and AP~s~ using the adapted-Olsen method; TK~s~ and AK~s~ were analysed using flame photometry after alkali fusion and ammonium acetate extraction, respectively. For pH~s~, 10 g dry sediment was soaked in 25 mL 0.01 mol/L CaCl~2~ solution for 90 min, then the extract was collected to determine pH~s~ using a pH metre (METTLER TOLEDO, FE20, Switzerland).

Air temperature data, including daily maximum and minimum temperature (*T*~max~ and *T*~min~, respectively), were collected from local weather monitoring stations. Then, the daily temperature difference (Δ*T*) was calculated as the difference between *T*~max~ and *T*~min~.

Data analysis {#Sec13}
-------------

One-way ANOVA with the Duncan pairwise comparison test was used to compare the seasonal variations or differences between sampling sites in mucilage, water and soil parameters, and Tamhane's T2 pairwise comparison method was used instead of the Duncan pairwise comparison with heterogeneity of variance. Differences in mucilage, water and sediments affected by sampling sites, seasons and their interactions were examined by multivariate analysis of variance. Spearman correlation analysis and redundancy analysis (RDA) were used to uncover the associations between mucilage properties and various environmental factors (water, sediment and air temperature), with MucC and ORP~w~ data log transformed in the analyses. The statistical analyses mentioned above, with the exception of RDA, were conducted with SPSS 22.0.

RDA with mucilage parameters as response variables and environmental parameters (water, sediment and air temperature) as explanatory variables was applied with the Canoco 4.5 package for Windows, as preliminary detrended correspondence analysis (DCA) indicated that RDA was appropriate for the analysis of mucilage data due to the gradient lengths of \<4.0 standard deviations^[@CR50]^. Response variables were centred and standardized to a zero mean in the analyses. Only explanatory variables showing significance were included in RDA based on Monte Carlo permutation tests (499 permutations) with an alpha level of 0.05, which was also used to examine the significance of the first and all canonical axes.
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